In a recent paper ( 1) , we introduced the concept of a mean force energy grids in the manner described previously
values near 090Њ/ 20Њ, such that at a resolution worse than cation ). Similarly, an alternate fit with x 1 /x 2 values near 0150Њ/ 0140Њ exists for the well-staggered Leu rotamer with Ç1.8 Å these two models are difficult to distinguish based on electron density alone (P. A. Karplus, personal communi-x 1 /x 2 values near 180Њ/ 60Њ. The most likely Leu side-chain
FIG. 1.
Examples of two-dimensional potential energy surfaces. All surfaces are color-coded from red (minimum energy) to violet (maximum energy). (A ) f/c for Val and Ile; (B ) f/c for Ala, Arg, Cys (oxidized), Gln, Glu, Leu, Lys, Met, Phe, Trp, and Tyr; (C ) x1 /x2 for Leu; (D ) x2 /x3 for Lys; ( E) d /x for nucleic acids; and (F ) e /z for nucleic acids. ence ( see Fig. 1C ) .
Three-dimensional
In addition to local conformation, it is also possible to factor used for the three-and four-dimensional interresidue
terms is at least 10-and 6-fold lower, respectively, than that v, f, c: Gly, Pro, X-Pro, rest used for the intraresidue conformational database potential
terms, in order to prevent the introduction of undesirable bias in the resulting structures. Typically, for the current conforma-B. Nucleic acids tional database potential, the optimal scale factor for the intrare-
Torsion angles
sidue conformational database potential terms is 1.0.
Inspection of the database of high-resolution crystal struc-
tures also reveals a distinct dependence of the peptide cova-
lent geometry on the backbone f / c angles ( 4) . In particular, the t3 (N-Ca-C) bond angle and the v peptide bond tora These refer to residues with a hydrogen-bond donor or acceptor in the sion angle (Ca -N-C -Ca ) vary by about {5Њ from their standard values in a manner that is dependent on f and c b The scale factor used for the three-dimensional interresidue fi /ci/ f i{1,2,3,4 , f i /c i /c i{1,2,3,4 potentials and the four-dimensional interresidue ( 4) . These result in relatively large atomic RMS shifts which f i /c i /f i{1,2,3,4 /c i{1,2,3,4 potentials must be set to a value at least 10-and may impact the accuracy of NMR structures. Thus, for exam-6-fold lower, respectively, than that for the intraresidue potentials, since ple, a t3 angle of 5Њ larger or smaller than the standard otherwise undesirable bias in the structures may be introduced. Typically, value of Ç110Њ corresponds to a shift of 0.3 Å in the relative the final value of the scale factor for the intraresidue conformational positions of the 1-3 related Ca atoms ( 4).
database potentials is set to 1.0.
c The force constants for the backbone-dependent geometry potentials
To incorporate the variations in backbone t3 and v angles are treated separately from the scale factors for the conformational database as a function of f /c in simulated annealing refinement, we potentials.
derived expectation values for the t3 and v angles from the database as follows. For every 10Њ 1 10Њ f/ c bin, the number of examples present in the database is counted. If that number is greater than a predetermined cutoff ( 10 examples, conformations are those with x 1 / x 2 values corresponding to the well-staggered conformations, and it has been suggested in this work ) , the expectation values of t3 and v at that bin are calculated as the mean of the t3 and v angles of the that the two alternate-fit positions found in some X-ray structures are incorrect ( P. A. Karplus, personal communication ) . examples seen in that bin. If the number of examples seen in the current bin is smaller than the cutoff, local average Although these alternate-fit positions are rare in the highresolution ( 1.75 Å or better) structure database, a small values of t3 and v are calculated over that bin's neighbors, as described in ( 1 ). The expectation values were then incornumber, constituting about 3% of the total, are still present. We have therefore corrected our database potentials accord-porated into a new potential term E angledb defined as ingly. In particular, the x 1 and x 2 angles for leucines with 240Њ £ x 1 £ 285Њ and 010Њ £ x 2 õ 45Њ were changed by
adding 40Њ to x 1 and 160Њ to x 2 ; the x 1 and x 2 angles for
[2] leucines with 190Њ õ x 1 õ 240Њ and 190Њ õ x 2 õ 240Њ (8) with the program XPLOR (9) modified to include coupling constant (10), secondary carbon shift (11) , and conformational database (Ref. 1 and this work) refinement using the published experimental restraints for the oligomerization domain of p53 (5) and IL-4 (6). Each ensemble consisted of 30 simulated annealing structures. The interresidue conformational potentials (cf. Table 1) were not used in these calculations.
b The experimental restraints for the tetramerization domain of p53 (42 residues per subunit) comprise (5) 3752 interproton distance restraints, 284 torsion angle restraints, 144 3 JHNa coupling constant restraints, and 292 secondary 13 Ca and 13Cb chemical-shift restraints for the whole tetramer. The experimental restraints for IL-4 (6) (a monomer of 133 residues) comprise with 921 interproton distance restraints and 123 torsion angle restraints.
c The larger deviations in the improper torsion angles for the structures refined with the conformational database potential relative to those refined without it simply reflect the fact that the peptide bond torsion angle v is no longer restrained to be absolutely planar but follows the expectation values of v as a function of f and c which vary over the range 175.6Њ to 185.9Њ.
d From the program PROCHECK (2) . e From the program WHATIF (12) . The larger the value of the packing score, the better the packing. A packing score ú00.5 indicates a very good structure. A torsion angle score of less than 02 for any residue is poor.
f The coordinate precision is defined as the average RMS value between the individual simulated annealing structures and the mean coordinate positions. g The atomic RMS shift is the RMS difference between the mean coordinates obtained with and without conformational database refinement.
h The values quoted are the RMS differences between the mean coordinates and the corresponding X-ray structures. The X-ray coordinates of the oligomerization domain of p53 and IL-4 are taken from (13) and (14), respectively.
i The values quoted are the average angular RMS differences between the 30 simulated annealing structures and the corresponding X-ray structures. In the case of IL-4, when residues where the precision in f and c is ú20Њ are excluded, the RMS deviations in f and c versus the X-ray structures are 13.1Њ and 13.0Њ, respectively, for the structures refined with the conformational database potential, and 15.8Њ and 18.2Њ, respectively, for the structures refined without the conformational database potential. where t3 is the current value of the t3 angle, v the current
We have tested the complete intraresidue conformational value of the v angle, t3 expectation (f, c) the expectation value database potential using experimental NMR restraints from of t3 at the current values of f and c, and v expectation ( f, c) two systems: the refined high-resolution structure of the the expectation value of v at the current values of f and c, oligomerization domain of p53 ( 5) ( a tetramer of 42 residues and k t3 and k v are force constants. Plots of two-dimensional per subunit with 4472 experimental NMR restraints for the expectation value surfaces for t3 and v as a function of f whole tetramer ) , and the initial low-resolution structure of and c are shown in Fig. 3 . Since t3 and v should be depen-interleukin-4 ( 6) ( a monomer of 133 residues with 1044 dent on f and c but not the converse, the expression for experimental NMR restraints ) . In both cases, the use of the atomic forces F angledb is reduced to the complete intraresidue conformational database potential does not affect the precision of the ensemble of simulated annealing structures or the agreement with the experimental
[3] NMR restraints which remain essentially unaltered, and results in small atomic RMS shifts which are within the errors By setting the terms for Ìt3 expectation / Ìf, Ìt3 expectation / Ìy, of the coordinates. It does, however, result in a significant Ìv expectation /Ìf, and Ìv expectation / Ìc to zero in the expression improvement in the quality of the Ramachandran plot, the for the partial derivative of Eq. ( 2 ), the expectation values nonbonded contacts, the internal packing, and the side-chain of t3 and v may change instantly and arbitrarily as f and torsion angles, as well as in the agreement with the expectac change. To circumvent instabilities, it is therefore essential tion values for t3 and v ( Table 2 ) . to use an annealing protocol in which the force constants Essentially, the same approach used to generate the prok t3 and k v are slowly increased from initially very small tein conformational database potential can be applied to genvalues (0.001 kcalrmol 01 rrad 02 ) to their final values ( 1000 erate an analogous conformational database potential for nuand 2000 kcalrmol 01 rrad 02 , respectively) , while simultacleic acids. To this end, we created a database of 232 nucleic neously reducing the force constants for the conventional acid crystal structures refined at a resolution of 2 Å or better. harmonic potential for t3 and v from their initial large valThe structures, which were derived from the NDB nucleic ues ( 500 kcalrmol 01 rrad 02 ) to their final small values ( 100 and 10 kcalrmol 01 rrad 02 , respectively) . acids database ( 7), comprised the following : 40 A-DNA structures, 63 B-DNA structures, 28 Z-DNA structures, 12 experimentally determined NMR and medium-resolution Xray structures can be improved by taking the accumulated ''unusual'' DNA structures, 42 DNA -protein complexes, 14 DNA -groove binding drug complexes, 9 DNA -interca-knowledge on conformational preferences into account. lating drug complexes, 9 DNA /RNA hybrids, 10 RNA
